The effect of a strongly coupled inelastic excitation upon elastic scattering is represented as an optical potential component. In particular, a long range imaginary optical potential approximating the effects of quadrupole Coulomb excitation has been derived in closed form. An analytical closed form for sub-Coulomb elastic scattering is obtained by inserting this potential into a weak-absorption model, and connection is made with the semi-classical theory of Coulomb excitation. Above the Coulomb barrier, the long range absorptive potential may be incorporated into an optical model code. Alternatively a more elaborate analytical formulation has been made of the cross section itself in the weak absorption model.
The potential component arising from nuclear excitation of an inelastic state may be evaluated numerically on a computer. Two examples computed (50 MeV a scattering on 154 Sm and 60 MeV '1°O scattering on 40 Ca) exhibit strong ^-dependence in the potential component.
The effects of a strongly coupled direct inelastic transiton upon the elastic scattering cross section has been shown experimentally to be at times quite important both due to transitions that are primarily 154 1 nuclear, such as 'Sm(a,a') at 50 MeV, and also due to transitions 18 4 18 18 exhibiting strong Coulomb excitation effects such as w( 0, O') at 90 MeV.
In such cases, analyses in terms of coupled channels calculations have provided a satisfactory description of the data.
An alternative theoretical description is the construction of an optical model component arising from an excited state's strong coupling to the ground state. ' The possible advantages of such an approach are computational tractability and the fact that the physical nature of a complex optical potential is perhaps more transparent than the coupling between channels in a computer code.
For the present we confine ourselves to a simple set of two coupled equations whose effect is to be represented by an optical model component
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V--. is the inelastic transition form factor, H is an optical model Hamiltonian, and X,,X~ are the ground and excited state scattering wave functions. For tractability we ignore reorientation couplings. Eq. (2) may be written as an integral equation
where G_ T is the outgoing boundary condition distorted-wave Green's -1 function operator (E 2~H ) , and this result can be substituted into Eq. (1) to obtain
The elastic channel is thus formally uncoupled, with the non-local potential operator V 12 G 2 V.-, bringing in the effects of coupling to all orders upon the elastic channel.
The non-local potential component to be evaluated may be written in coordinate space V(r,r') = V 12 (r) GJ
where V . and V__ are the multipole operators connecting ground and excited state, i.e.,
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A partial wave expansion of Q>\ may be r;ade in coordinate space
where f.,(r < ) and h J ,,(r > ) are optical model wave functions with regular and outgoing boundary conditions respectively. We may project out thê .-dependent non-local radial potential component
This is the Jo-dependent, non-local optical potential component A local equivalent potential' may now be defined for U (r,r')
Of course to evaluate this potential exactly one must know the solution of the Schrodinger equation which includes its effect. We have chosen to solve this problem numerically by iteration, a procedure .which is efficient when it converges, as it does in the specific cases we consider.
But before considering numerical evaluation of Eq. (10) We have derived a more exact expression for this long range potential by making use of a Coulomb-distorted Green's function in Eq. (9) and a Coulomb-distorted wave functions for the X 's in Eq. (10) . That ( + ) is in these expressions we let X -> F n , h ' ->• H., and f, , + F,, where F^, and H £, will be taken to the regular and outgoin_ : boundary Coulomb wave functions, respectively.
Recalling that the outgoing wave function can be expressed in terms of the regular and irregular Coulomb wave functions We ignore the real components of this optical potential because they oscillate in sign as a function of r and merely serve to put "hair" on top of the real Coulomb potential. This corresponds to "keeping only the on-energy-shell part of the Green's function for the intermediate state, a not unreasonable ansatz in the case of a smooth quasi-classical reaction such as Coulomb excitation. On the other hand, we can evaluate the imaginary component in closed form.
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For the sake of simplicity we assume no energy loss in the ouadrupole transition. However an approximate semiclassical energy loss factor 92^) may be applied to our results at the end. ' Making use of the closed forms for the -=r Coulomb integrals ' and the Coulomb wave recursion relations we simplify the imaginary part of Eq. (12) with the additional assumption that either n or 1 -I + j is large, the usual semiclassical conditions. One obtains the long range imaginary potential for a given partial wave I:
This ^-dependent potential is compared with the ^-independent potential of Love, Terasawa, and Satchler in Figure 2 . The LTS potential crosses our ^-dependent potential several fermis outside of the classical turning point for the small and intermediate I values of interest. For the case in Figure 2 our formula has been compared with the results of a computer evaluation of the imaginary part of Eq. (12) and for all partial waves agreement is quite good (to within several percent except for computationally unstable points where 1/F, (r) becomes large) . This /.-dependent long range absorptive potential has been incorporated into an optical model code and the resulting cross section curve is practically indistinguishable from the corresponding calculations using the LTS potential (or from the original coupled channels no 1 Q A calcuations) for 0 + W at 90 MeV in the angular region of experimental interest.
As an extension of this work we have found it possible to consider in a general way the effects of long range absorption upon the elastic scattering by deriving a cross section formula in closed form. Below the Coulomb barrier this cross section formula orovides the most Here we will only show an example of the use of our general cross section formula in fitting 90 MeV 18 0 + 184 W elastic data (Fig. 3) .
The fit of the formula is comparable to the optical model calculation with long range absorption or to the coupled channels calculation.
Below the Coulomb barrier our result becomes independent of nuclear surface parameters other than B(E2)t and we obtain a simple form for the elastic scattering ratio to Rutherford cross section
where all the specific parameters of the reaction are contained in the constant 
f(9) has the smooth behavior exhibited in Fig. 4(a) . A similar expression may be obtained for the cross section produced by the LTS potential differing only in the form of the universal function of angle ? (9) . The ratio of f(3)/f(6) has been plotted in Fig. 4(b) . Clearly at intermediate angles of about 40° to 110° the ratio deviates little from unity, implying excellent agreement for the prediction of the two potentials. However, beyond 110° (corresponding to LTS cutoff of the Coulomb correction factor at R /0.9) there is no theory from the LTS potential but only a possible prescription. For the sake of tractability we have merely ignored the cutoff in the ratio calculation. In Pig. 4(c) we show the elastic cross section in a subCoulomb case with small energy loss for which data exists at two angles, Ne scattering on Sm isotopes. we see comoarison of data with our formula which includes here also a ,+ . . .20 term for excitation of the 2' state in ""Ne (dashed curve). While the is good, at backward angles discrepancies occur These discrepancies may be at least partially attributed to the larger energy loss factors £, which are qualitative agreemen especially for Sm and ^ Sm.
only described approximately by the angle independent factor g 2 K). At angles farther forward and especially for cases with a very low lying 2 state (small £) we expect both our potential and cross section formula to have greater validity. Furthermore at more forward angles (corresponding to a greater distance of closest approach) there is less multiple Coulomb excitation to higher states. However multiple Coulomb excitation will have an effect less direct upon the elastic scattering than on the inelastic 2 scattering in general.
Connection can be made with the semiclassical theory of Coulomb excitation by exploiting the fact that our on-shell approximation-for the Green's function makes it separable. Cotanch and Vincent have recently used a separable Green's function to sum the distorted wave 14 series.
In our Coulomb case v/e use a separable Green's function for the ground state and then the Coulomb distorted wave series can be summed.
As we did in obtaining Eq. (14), a quasi-classical substitution is made a = n cot ~ (18) in the scattering amplitudes. We obtain finally a(9) V 6) ^l + jKg (8) where K is identical to the K in Eq. (15), and
. (20) This is the on-shell Coulomb Born series formula for sub-Coulomb elastic scattering. It is instructive to compare this formula with the JWKB formulation based on the long range absorptive potential,
R At 180° the formulas agree exactly to second order in K (which is equivalent to fourth order in the interaction). At other angles the same correspondence is broken only by a small deviation (less than 4 percent anywhere) between g(9) and f(9). Thus to a very good approximation the JWKB optical model approach is equivalent to summing the scattering series on-energy-shell for the case of sub-Coulomb elastic scattering. In a parallel manner the Coulomb Born series may be summed for the amplitude of inelastic Coulomb excitation to the 2 state. The result is 
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Angular distributions from elastic scattering of 20 Me on samarium nuclei. Dashed curves show calculations using Eq. (14) with a term for the 20 Ne 2 + excitation added in. Solid curves show coupled channel calculations with both 2 + states and reorientation included. The lower solid curve for 152 Sm shows the calculation without reorientation, a significant effect for this isotope.
Now we note that the first order semiclassical result for Coulomb excitation is just a R (9) = Kg(6) .
Thus we may rewrite the equations for elastic and inelastic scattering in terms of the first order semiclassical Coulomb excitation cross section 
Having concluded the general discussion of long range absorption, w= now return to consideration of the optical potential component arising from nuclear inelastic coupling. In the cases discussed we have evaluated the local potential equivalent U,(r) from Eq. (10) Sm to a rotational nucleus Sm. It was found that a single optical potential could describe both spherical and deformed Sm isotope elastic scattering data when the strongly coupled excited states were treated explicitly. However, in the absence of explicit coupling to excited states, the optical potential that reproduces the elastic scattering is quite different in the two cases. Moreover, while the optical model 1^8 parameters for "* Sm differ little from the coupled channels parameters, the optical model parameters for Sm are quite different from the coupled channels parameters.
We have calculated the component of the optical potential from the direct rotational coupling of the 2 state to the ground state. The real part of the optical potential component is exhibited in Figure 6 as a function of orbital angular momentum J.. Clearly it is highlŷ -dependent, repulsive in the low partial waves, increasing in magnitude to the surface, changing sign and becoming attractive, and then decreasing in magnitude for high partial waves. The empirical optical model component (the difference between optical model and coupled channels parameters from Ref. 1) is I-independent and repulsive as is also seen in Figure 6 (dashed line).
The imaginary part of the optical nodel component is shown in Figure 7 . It is /.-dependent but absorptive for all partial waves. The able simultaneously to reproduce the 0,3,5 and 2 states in Ca, while DWBA calculations using parameters fitted to elastic scattering failed to reproduce the angular distributions for the 3 and 5 inelastic scattering. For this coupled channel calculation in which only the 3~ state was coupled to the ground state and no reorientation was assumed, our optical model formulation Eq. (4) is exactly equivalent to the coupled channels formulation. In Figures 8 and 9 we show the real and imaginary parts of the ^-dependent local equivalent potential component which exactly represent the effect of the coupling of the 3 state upon the elastic scattering. The general pattern is similar to the ct-Sm case of Figures 6 and 7: the real potential component is repulsive for low partial waves and attractive for high partial waves; the imaginary potential component is dominantly absorptive with an £-dependence of strength peaking in the surface partial waves. In both cases the ^.-dependence of the imaginary potential seems to reflect the £-window of a direct reaction in the presence of a strongly absorptive background potential; flux is lost from the elastic channel into the inelastic channel primarily in the surface partial waves.
If we wish to look at the amplitude for inelastic scattering to the 3~ excitation in this particular case we can obtain it directly from an equation of the form of Eq. 3, X _ = 63^3-^ X Q+ .
Taking a partial wave we find the asymptotic form ^ JL J .
Since the coefficient of the outgoing wave function is the scattering amplitude we have the coupled channels equivalent for the inelastic scatterir •* transition amplitude in the form of DWBA. All 0 + -3~ coupling effects enter through the ground state wave function X 0 +(r'), and the excited state wave function f 3 _(r') is just an optical model wave function without the effect of the strong coupling to the 0 + ground state. We have in fact incorporated the ground state wave functions X Q +(r') into a DWBA code, and very good numerical agreement is obtained with calculations using the coupled channels code CHUCK 18 for the 3~cross section in the 0 + Ca case. This optical potential method for calculating coupled elastic and inelastic cross sections may be straightforwardly generalized to a sum of excited states coupled only to the ground state.
Finally we recall the strong I-dependence of oar calculated potentials arising from direct inelastic channels. In contrast, the usual optical model prescription for fitting elastic scattering makes use of an ,1-independont potential. However one must question the usefulness of wave functions generated by this procedure when large direct reaction strength is present. The heavy ion Dh'BA angular distribution anomalies may not be unrelated to the use of an it-independent optical potential even when a large percentage of flux is going into direct channels.
